Polyethylene insert backside surface wear is implicated in osteolysis and failure of total knee arthroplasty. Manufacturing and sterilization methods reduce articular-sided wear. We questioned whether manufacturing technique influences the severity of backside wear. We examined 39 explanted tibial bearings in a blinded fashion using visual, stereomicroscopic, and scanning electron microscopic techniques. We examined 26 direct compression molded components and 13 nondirect compression molded components and applied a new backside wear severity score. The score characterized the magnitude of the various modes of wear with severity ranging from 0 (no wear) to 27 (severe wear). Time in vivo, tibial baseplate material, and manufacturing technique were used as variables for comparison. Backside wear was related to polyethylene manufacturing process with direct compression molded implants having a wear score of 2.3 and nondirect compression molded a score of 5.7. Time in vivo influenced backside wear, although direct compression molded predicted decreased backside wear independent of time in vivo. The data suggest manufacturing technique influences backside wear in total knee arthroplasty polyethylene inserts.
Introduction
Polyethylene wear is one of the leading causes for failure of TKA [23, 33] . Considered the ''weakest link'' in TKA, submicron polyethylene wear particles induce a cytokinemediated phenomenon leading to periprosthetic osteolysis accounting for 25% of revision TKA [15, 18, 19] . Polyethylene wear in modular TKA occurs at the articular surface and backside of the insert. Although the articular surface of the polyethylene insert is the predominant source of wear debris, a growing number of reports have implicated backside wear as a major source of polyethylene wear [7, 13, 22, 28, 37] .
Polyethylene is a semicrystalline polymer that provides a low-friction articular interface between metallic femoral and tibial components in modular TKA. As a modular component, polyethylene inserts afford great adaptability in customizing total knee implants for each patient while also providing excellent biocompatibility, low cost, and an effective bearing surface. The continual advancements in polyethylene technology have led to enhanced manufacturing techniques, which have resulted in improved wear performance characteristics [27] . Currently, polyethylene inserts are manufactured either by machining or by compression molding. Machined inserts are fashioned from an original bar stock into individual inserts of predetermined geometry. Compression-molded inserts are fabricated by directly conforming polyethylene resin to molds of predetermined geometry. Although earlier reports indicated compression-molded inserts had better articularsided wear characteristics than machined components, limited data are available characterizing the impact of manufacturing technique on backside polyethylene wear [12, 35, 38] . An improved understanding of the relationship between polyethylene manufacturing and backside wear may facilitate improvements in polyethylene bearing design and development, which would improve implant survival and functional outcomes for patients with TKAs.
Our first objective was to develop a system of characterization that comprehensively analyzes the various modes of wear as well as the severity of wear using direct visualization, stereomicroscopy, and scanning electron microscopy. We then asked whether (1) the patterns and modes of backside polyethylene wear would be different between direct compression molded (DCM) and non-DCM inserts; (2) whether inserts with greater duration of implantation would demonstrate more extensive patterns of backside wear than inserts with less time in vivo; and (3) whether DCM inserts would incur less backside wear than non-DCM inserts regardless of time in vivo.
Materials and Methods
We examined 39 explanted tibial bearings of a single locking mechanism, fixed-bearing knee design (Maxim or Vanguard Complete Knee System; Biomet, Warsaw, IN). Twenty-nine polyethylene inserts were retrieved from components of the Maxim Complete Knee System and 10 inserts were from Vanguard Complete Knee System components. Varying levels of implant constraint were represented by cruciate retaining (n = 14), posterior stabilized (n = 17), and posterior stabilized-constrained (n = 8). Twenty-six of the inserts were fabricated with DCM, whereas 13 of the inserts were manufactured by sheet compression molding (non-DCM). DCM polyethylene is an insert fashioned by direct compression molding composed of very high-molecular-weight calcium stearatefree, medical-grade 1900H resin for Maxim designs (16 inserts) and GUR1050 resin for Vanguard designs (10 inserts). The mean thickness for all inserts was 12.6 mm and the mean duration of implantation for all inserts was 53.4 months. The mean duration of implantation was shorter (p \ 0.0001) for DCM inserts (23.1 months) when compared with non-DCM inserts (114 months).
Non-DCM polyethylene is an insert fashioned by the machining of extruded bar stock of very high-molecular-weight calcium stearate-free, medical-grade 1900H resin. All DCM and non-DCM inserts were sterilized in an inert argon chamber. The tibial baseplate was composed of titanium with a matte finish and a modular keel design in 20 retrievals or composed of cobalt-chromium with a polished finish with a nonmodular keel design in 19 cases. The manufacturing technique, baseplate modularity, constraint, and knee design system were characterized for each retrieval insert ( Fig. 1 ). Each insert was retrieved during revision arthroplasty in a standardized fashion from a single institution by the two senior authors (KRB, AVL). The inserts were obtained from 38 patients, 25 women and 13 men with an average age of 62. A single modular polyethylene insert locking mechanism design was uniform among all samples with an anterior and posterior linear tongue-and-groove modular locking design ( Fig. 2) . Each fixed-bearing tibial baseplate contained a slide-in bar that compressed the polyethylene insert within the locking mechanism. All of the polyethylene insert samples were manufactured either by DCM or by sheet compression molding. Direct compression Fig. 1 Thirty-nine retrieved bearings were examined. Twenty-six bearings were direct compression molded (DCM) and 13 bearings were non-DCM. Of the DCM bearings, there were 19 retrieved from nonmodular (Non-Mod) cobalt-chromium baseplates. Seven DCM bearings were retrieved from modular titanium tibial baseplates (Modular). Of the Non-Mod DCM bearings, nine were from Vanguard (V) and were all cruciate retaining (CR). Ten Non-Mod DCM bearings were from Maxim articulations (M). Of these, two were CR and eight were posterior stabilized (PS). Of the modular baseplate DCM bearings, one was M-PS, one V posterior stabilizedconstrained (PSC), and five M-PSC. All 13 non-DCM bearings were retrieved from modular baseplates. Of these, there were three M-CR, eight M-PS, and two M-PSC. Volume 466, Number 11, November 2008 Manufacturing Technique and Backside Wear 2799 molding involves converting polyethylene resin into a finished component within an individual mold through heat and pressure consolidation. Sheet compression subjects polyethylene resin to heat and pressure consolidation; then, after a cooling process, large flats of polyethylene are machined into individual components. The backside locking mechanism of both DCM and non-DCM components are machined before sterilization and packaging. All inserts were composed of calcium stearate-free polyethylene, gamma-irradiated for sterilization, and packaged in an inert argon environment. The protocol for backside wear assessment was developed to be as comprehensive as possible, synthesizing several previously described methods into a composite system of visual analysis and polyethylene wear characterization. The division of the baseplate into six topographic zones was originally outlined in an earlier report [29] . Briefly, this divides the backside of the polyethylene insert into six zones through a horizontal line dividing the baseplate into latitudinal halves and into thirds longitudinally ( Fig. 3 ) [29] . Characterization of the various modes of wear was based on previous work that defined and described (1) pitting; (2) scratching; (3) abrasion; (4) delamination; (5) embedded debris; (6) burnishing; (7) deformation; (8) discoloration; and (9) fraying of locking mechanism [8-10, 20, 21, 25, 29, 30] . Pitting was defined as shallow, irregular voids. Scratching was defined as thin, shallow linear defects. Abrasion was defined as a shredded appearance. Delamination was defined as thin sheets of polyethylene separated from the surface. Embedded debris was identified when irregular material became pressed into the polyethylene surface. Burnishing was defined as heavily polished areas with loss of machining marks or text. Deformation was identified as irreversible cold flow structural changes or irregularities. Discoloration was defined as dark yellow tint representative of polyethylene oxidation. Fraying of the locking mechanism was defined by linear defects peeling off tongue-and-groove aperture.
Topographic maps, as diagramed per Rao et al. [29] were developed for the backside of each polyethylene insert to characterize the location and magnitude of the various modes of wear. The overall severity of backside polyethylene wear was graded by direct visual analysis during blinded (BSE) inspection. Grades were assigned based on the overall severity of wear as negligible (0), mild (1), moderate (2), and severe (3) [10, 20, 25, 36] . Using the six zones, the area of polyethylene wear was then graded as negligible (0), less than 10% (1), between 10% and 50% (2), or greater than 50% (3) [14, 29, 36] . The depth of the major wear defect was then graded as less than 500 lm (1), between 500 lm and 1 mm (2), or greater than 1 mm (3) [8, 9, 25 ]. Depth measurements were obtained using stereomicroscopy and scanning electron microscopy for The Maxim and Vanguard Complete Knee System tibial baseplate incorporates a novel polyethylene locking mechanism. The anterior locking bar is designed to force molding of the polyethylene bearing into the locking mechanism, thus reducing backside wear. specific defects containing volumetric loss, specifically pitting, scratching, abrasion, delamination, and burnishing. Finally, a backside wear severity score (BWSS) was obtained for each polyethylene insert by multiplying all of the grades together (eg, overall wear grade 9 wear area grade 9 wear depth grade) [8, 9, 29, 34, 36] . By quantifying the overall BWSS for each polyethylene insert, numeric values could be ascribed to each insert (Fig. 3) . The BWSS could then be compared with other variables associated with polyethylene wear to determine if relationships existed. Each mode was then expressed as a percentage representing the number of inserts depicting this mode of wear from the DCM or non-DCM insert subgroups. Backside wear was categorized as mild (BWSS 4 or less), moderate (BWSS greater than 4 and 8 or less), or severe (BWSS greater than 8).
The stereomicroscopic analysis was conducted in conjunction with the Center of Optics and Microscopy facility at The Ohio State University Department of Materials Sciences and Engineering. An Olympus high-resolution optical stereomicroscope connected to color videographic printers and imaging analysis system was used for microscopic measurements and characterization of polyethylene wear modes. Inspection with scanning electron microscopy (SEM) was performed using a Field Emission Imaging Quanta scanning electron microscope (FEI Company, Hillsboro, OR) that used a heated tungsten filament electron source operating within accelerating voltage ranges of 200 V to 30 kV in a vacuum environment. Electron backscatter pattern mapping was used to provide ultrahighresolution imaging analysis of different modes of backside polyethylene wear. The modes of wear characterized included pitting, scratching, abrasion, delamination, and burnishing. Measurements of width and depth were obtained to define volumetric loss using metric scale preconfigured for designated magnification using the scanning electron microscope. Stereomicroscopic and SEM analyses of the various modes of wear were based on techniques previously described [8-10, 21, 29, 34] .
A grouped linear regression analysis was performed to determine the level of association among independent variables, including manufacturing technique, baseplate modularity, and time in vivo. Specifically, time in vivo was used for covariance to obviate the effect of differing in vivo times. Multiple linear regression analysis and covariance analysis were conducted to determine independence of variables, including manufacturing technique, baseplate modularity, and time in vivo, that were associated with backside wear. A Student paired t test was used to determine differences in the mean BWSS between DCM and non-DCM inserts and between modular and nonmodular baseplates. A power analysis was performed to determine adequate sample size at a power of 80% and p = 0.05 for each comparison. Post hoc power analysis was performed to estimate the actual beta error of each statistical analysis that did not achieve statistical significance. Sample sizes and effect size from the test results were evaluated and a percentage beta error was calculated and is reported. Stats Direct software (StatsDirect, Cheshire, UK) was used to perform these functions.
Results
The modes and patterns of backside wear were distinctly different for DCM and non-DCM inserts. The typical pattern and geographic distribution of backside wear for the DCM polyethylene insert was primarily fine burnishing localized to the central-most regions with relative peripheral sparing or absence of wear (Fig. 4A) . Overall, the predominant modes of backside wear for DCM inserts were burnishing (84.6%), scratching (76.9%), fraying of the locking mechanism (69.2%), and pitting (26.9%). A minimal amount of abrasion and embedded debris was identified and no delamination, deformation, or discoloration was identified for DCM inserts. In contrast, the typical pattern and geographic distribution of backside wear for non-DCM inserts was more evenly distributed across central and peripheral zones with apparent combined modes of wear, specifically course burnishing, peripheral cold wear deformation at edges circumferentially, more yellowish discoloration, and more extensive fraying of the locking mechanism (Fig. 4B ). Neither DCM nor non-DCM inserts demonstrated appreciable differences between medial-and lateral-sided wear. For non-DCM inserts, the predominant modes of wear were burnishing (92.3%), fraying of the locking mechanism (69.2%), scratching (61.5%), and discoloration (53.8%). A minimal amount of pitting (15.4%), embedded debris (15.4%), and deformation (7.7%) was observed and no abrasion or delamination was identified for the non-DCM inserts. Although scratching was identified as linear striations of an approximate width of 60 to 80 lm and was apparent for both DCM and non-DCM inserts, this was difficult to interpret because scratching was more likely a consequence of extraction technique during revision surgery rather than a true mode of backside wear. However, because true cause and effect could not be determined, scratching was included for our analyses. With advanced backside wear, the linear striations were obliterated and supplanted by irregular foci of adhesive wear patterns as a result of contact interference with the tibial baseplate. For DCM inserts, the predominant mode of wear was burnishing, which under SEM appeared as groupings of circular adhesive wear patterns. As was identified with lower magnification, a relative peripheral-sparing pattern was observed with greater representation of wear localized more centrally. For non-DCM inserts, the linear striations were more greatly disrupted by relatively large areas of irregular-shaped adhesive wear patterns arranged in a more diffuse pattern than observed with DCM inserts. With more advanced backside wear identified in the non-DCM inserts, the flat surface became supplanted by coarse speculated arrangements of polyethylene.
Using direct visual analysis, DCM inserts incurred less (p = 0.03) backside wear than non-DCM inserts regardless of time in vivo. With stereomicroscopic analysis, the overall severity of backside wear was also increased (p = 0.04) among non-DCM inserts with a mean BWSS of 5.7 compared with 2.3 for DCM inserts. Mild wear was demonstrated by 100% of DCM inserts examined by direct visualization and 96.6% of the DCM bearings examined by stereomicroscopy. For non-DCM inserts, mild backside wear was identified for 61.5% of samples examined by direct visualization and stereomicroscopy. Moderate backside wear was observed for 15.4% of non-DCM inserts examined by direct visualization and stereomicroscopy. Severe backside wear was observed for 23.1% of non-DCM inserts examined by direct visualization and stereomicroscopy. Collectively, the backside wear severity scores with this novel polyethylene locking mechanism were generally mild for both DCM and non-DCM inserts, demonstrating excellent prevention of backside micromotion.
Accounting for time in vivo, a grouped linear regression analysis revealed DCM inserts incurred less backside polyethylene wear than non-DCM inserts independent of duration of implantation. A linear projection of best-fit probability for backside wear revealed two independent slopes for DCM and non-DCM inserts (Fig. 5) . The common slope for DCM inserts was 0.004 and the common slope for non-DCM inserts was 0.094, indicating the BWSS was increased (p = 0.05) for non-DCM inserts compared with DCM inserts independent of duration of implantation. Additionally, when time in vivo is taken into account, we observed no difference (p [ 0.05) between BWSS between various levels of constraint or baseplate modularity.
Discussion
In our study, we developed a new system of polyethylene wear characterization that comprehensively analyzes the various modes of backside wear and applied this technique to compare and contrast DCM and non-DCM polyethylene inserts from retrieved samples. We then asked whether (1) the patterns and modes of backside polyethylene wear would be different between DCM and non-DCM inserts;
(2) whether inserts with greater duration of implantation would demonstrate more extensive patterns of backside wear than inserts with less time in vivo; and (3) whether DCM inserts would incur less backside wear than non-DCM inserts regardless of time in vivo.
One of the limitations of our study is the total sample size of our DCM and non-DCM retrieval inserts was relatively small. Also, as a result of the confines of a retrieval polyethylene analysis comparing manufacturing technique, duration of implantation cannot be controlled as part of the experimental design and must be accounted for with statistical models. Although the average time in vivo differed between DCM and non-DCM inserts, a multiple linear regression analysis and covariance analysis were performed to account for this difference in duration of implantation. Specifically, time in vivo was used for covariance to obviate the effect of differing durations of implantation. The lack of DCM inserts with a long-term period of implantation and the lack of non-DCM inserts without a short-term period of implantation does complicate comparative analysis. Although the use of regression and covariance analysis accounts for the discrepancy in duration of implantation for DCM and non-DCM inserts, ideally, retrieval inserts in both DCM and non-DCM categories would be representative of short-term and longterm periods of time in vivo. Without having any DCM inserts with long-term periods of implantation in this study, it is difficult to predict exactly how the improved performance in backside wear observed with DCM inserts with short-term periods of implantation will translate into longterm periods of implantation. It is our expectation, as guided by regression and covariance analysis along with other studies with similar conclusions, DCM inserts will continue to incur less backside wear than non-DCM inserts over time indefinitely [1] . Other factors, including mechanical alignment, component instability patient activity, and surface roughness of the tibial baseplate, likely impact the severity of backside polyethylene wear but were outside the scope of this focused study. One of the particular advantages of the inserts we analyzed is that in sharing a common locking mechanism, the difference in backside wear observed between DCM and non-DCM machined inserts cannot be attributed to differences in locking mechanism design. Rather, it is expected the amount of backside wear for DCM and non-DCM machined inserts from our study was generated with near equivalent levels of micromotion between the insert undersurface and tibial baseplate for each sample.
We found mild backside wear for all DCM inserts and moderate backside wear for all non-DCM inserts. The patterns and modes of backside wear for DCM and non-DCM inserts demonstrated subtle distinctions. Although discoloration was present only in non-DCM inserts, burnishing, scratching, and fraying of the locking mechanism were the three most common modes of backside wear for both DCM and non-DCM inserts. Additionally, only mild backside wear was identified for nearly every DCM insert; however, 38.5% of non-DCM inserts demonstrated moderate or severe wear. In summary, with these results, we conclude DCM polyethylene is superior to non-DCM machined polyethylene in reducing backside wear regardless of time in vivo.
Patterns of backside wear have been described in earlier reports and are distinctly different from the types of polyethylene wear observed at the articular surface. With the contact stresses transmitted during physiological loading, the severity of articular wear is most influenced by the quality of the polyethylene, level of implant constraint, insert thickness, and coronal tibiofemoral alignment [4, 26, 30, 36] . The axial rolling, sliding, and rotation forces generate articular-sided polyethylene wear debris that is relatively larger in size as a byproduct of subsurface cracking, delamination, and pitting [4, 30] . Backside wear patterns are typically different from articular wear patterns in modular TKA. In our study, DCM inserts most often demonstrated burnishing (85%), scratching (77%), and fraying of the locking mechanism (69%) without any overt discoloration. The non-DCM inserts shared the presence of burnishing (92%), scratching (62%), and fraying of the locking mechanism (69%) with the majority of inserts demonstrating a yellow permeative discoloration (54%). These modes of wear have similarly been observed in other reports of backside wear characterized for retrieved inserts from different implants [9-11, 22, 36] .
Burnishing was the most pervasive mode of backside wear among DCM and non-DCM explants. The size of the wear debris particles produced by burnishing is much smaller (ranging from 0.32 to 0.35 lm) than articular-sided wear debris, which typically ranges from 1 to 2 mm in diameter [24, 30, 32] . The similarity in size of wear debris at the backside of modular inserts with THA reflects the similar mechanism of adhesive and abrasive wear that occurs under lower contact stresses. In comparing wear debris from failed THAs and TKAs, one report identified a large range in size of polyethylene wear debris [17] . Yet, the mean diameter of particles smaller than 10 lm was 0.72 lm in total knee samples with the number of particles ranging from 6.7 9 10 8 to 2.1 9 10 10 [17] . Although the larger flakes associated with articular-sided wear are visually impressive, other reports have noted the majority of wear particles were submicron [31, 34] . In addition to the smaller size of backside wear debris, the total volume of wear is important. Conditt et al. [10] demonstrated a volumetric wear rate of 138 mm 3 per year, which was comparable to severe wear of acetabular components. Thus, with the high volume of submicron wear debris particles that characterizes backside wear, a growing concern is raised about the association of backside wear with periprosthetic osteolysis in modular knee designs.
Processing of polyethylene has undergone critical changes in terms of fabrication and sterilization techniques over the past three decades. Currently, polyethylene in modular TKA is manufactured either by compression molding or machining. From our results, DCM inserts demonstrated less backside wear than non-DCM inserts independent of time in vivo. In several studies, compression-molded polyethylene components have exhibited better articular-sided wear characteristics than machined components, indicating compression-molded polyethylene is better suited for clinical applications [2, 12, 24, 35, 38] . The sterilization process has also improved since Bohl et al. demonstrated gamma irradiation in an oxygen environment resulted in poor wear characteristics [3] . Other studies have likewise demonstrated sterilization techniques that minimize free oxygen radicals using either ethylene oxide gas or gamma irradiation in an inert environment enhance wear resistance [5] [6] [7] 16] .
Backside polyethylene wear has been identified as a major source of wear debris resulting from progressive polyethylene breakdown secondary to motion between the insert and tibial baseplate. Several factors have been identified that influence backside wear, including insert locking mechanism, tibial baseplate surface, implant duration, patient activity level, and tibiofemoral alignment [6, 7, 26, 29, 34] . Modular insert locking designs may use a mechanism of full peripheral capture, partial capture, full tongue-and-groove, or partial tongue-and-groove. Despite the differences in design, micromotion has been observed with all of these designs of locking mechanisms, at least 500 lm in the transverse plane with a 400 N load [28] . In our study, a single partial tongue-and-groove design intended to partially mold the polyethylene onto the locking mechanism when a locking bar is inserted was characteristic of all of the retrieved inserts (Fig. 2) . Previous reports have demonstrated the locking mechanism used by the inserts from our study has the least amount of micromotion as a result of a constant compressive fit of the polyethylene onto the tibial baseplate [28] . This is one possible explanation for the remarkably low backside wear seen in all of the current retrievals.
DCM polyethylene inserts demonstrated less backside wear than non-DCM polyethylene inserts independent of time in vivo. Although the modes of wear at the backside surface were similar for both DCM and non-DCM inserts, the non-DCM inserts demonstrated more pervasive discoloration and overall more severe wear scores. Many improvements in polyethylene processing have occurred in the past decade that undoubtedly have addressed many of the problems associated with backside wear, including better crosslinking, ultrahigh-molecular-weight substrates, inert environment sterilization, and clinically proven locking mechanisms. Yet, backside wear still occurs in modular TKA and concern remains that backside wear may generate polyethylene wear debris that may compromise clinical outcomes for patients undergoing TKA. It would appear the choice of implanting DCM polyethylene in modular TKA is supported by both clinical data and the aforementioned reduction in backside wear.
